Introduction {#S001}
============

Worldwide, around 250 million individuals have a chronic hepatitis B virus (HBV) infection, and approximately 1 million individuals die yearly due to related illnesses \[[@CIT0001]\]. Chronic HBV infection is a dynamic process reflecting a complex interplay between HBV and host immunity. During chronic HBV infection, the Hepatitis B "e" antigen (HBeAg) negative phase is associated with a large variety of clinical conditions ranging from HBeAg-negative infection (characterized by persistently serum HBV-DNA \<2000IU/ml and normal ALT) to HBeAg-negative hepatitis where the interaction between the virus and the host immune cells leads to progressive liver necroinflammation, cirrhosis and hepatocellular carcinoma \[[@CIT0002]\]. In clinical practice, HBsAg\<1000IU/ml has been proposed to better define the status of HBeAg-negative infection in the setting of HBV genotype D \[[@CIT0003]\]. However, a recent study has shown that the HBsAg levels can vary largely across the different HBV genotypes, with genotype D characterized by lower HBsAg levels than other genotypes, questioning the widespread application of this cut-off in the setting of non-D genotypes \[[@CIT0004]\].

So far, ten HBV genotypes have been identified (A to J) showing a distinct geographic distribution, rate of disease progression and molecular differences in term of viral replication, viral protein expression and neutralization capacity \[[@CIT0005]\]. At this regard, a previous study showed that HBV genotypes D and A were characterized by higher levels of HBV-DNA replication than genotypes B, C and J. Conversely, despite higher replicative potential, HBV genotype D showed the lowest production of HBeAg and HBsAg \[[@CIT0006]\]. HBV genotypes also showed differential profiles of antibody binding, having potential implications for vaccine effectiveness \[[@CIT0006]\].

The S gene is composed by pre-S1, pre-S2, and S region, coding for the three forms of HBV surface glycoproteins: the small-sized (hereafter defined as HBsAg), the medium-sized (pre-S2+S, M-HBsAg) and large-sized surface glycoprotein (pre-S1+pre-S2+S, L-HBsAg). These surface glycoproteins are synthesized in the endoplasmic reticulum (ER) where they rapidly undergo dimer and multimer formation via extensive disulphide bonding \[[@CIT0008]\]. This results in budding into the ER as virions or as empty subviral particles, secreted with 100-fold to 100,000-fold higher levels than mature virions \[[@CIT0009],[@CIT0010]\].

A recent study showed that in HBeAg-negative chronic HBV-infected patients, the ratio of the 3 HBV surface glycoproteins is strongly HBV genotype-dependent and can be also influenced by genetic variability in pre-S1 and pre-S2 regions \[[@CIT0011]\].

Among the different HBsAg domains, the C-terminus (from amino acid \[aa\] 179 to 226) is hydrophobic and is inserted in the ER membrane \[[@CIT0012],[@CIT0013]\]. This domain is involved in mediating the transit of the surface glycoproteins across the ER \[[@CIT0012]\]. Mutations in this domain can result in a stable, glycosylated, but non-secreted protein, affecting the biogenesis and secretion of subviral particles \[[@CIT0012]\]. Thus, it could be hypothesized that mutations in HBsAg C-terminus could affect HBsAg secretion, leading to lower HBsAg levels in clinical practise. So far, previous studies have investigated the impact of HBsAg mutations on HBsAg levels. However, most of them have focused on the so-called immune-escape mutations localized in the major hydrophilic region of HBsAg or on stop-codons that give origin to truncated forms of HBsAg that are retained in the endoplasmic reticulum and cannot efficiently secreted \[[@CIT0014],[@CIT0015]\].

Based on this rationale, this study is aimed at evaluating (i) HBsAg levels in different HBV genotypes (D, A and E) in HBeAg-negative individuals, (ii) the correlation of mutations in the C-terminus HBsAg domain with lower HBsAg levels in HBeAg-negative individuals, infected with genotype D (iii) the impact of the identified mutations on HBsAg secretion in *in vitro* experiments and on HBsAg structural stability. To our knowledge this is one of the first studies aimed at investigating the impact of mutations in HBsAg C-terminus on HBsAg levels in clinical settings and in *in vitro* experiments.

Materials and methods {#S002}
=====================

Study population {#S002-S2001}
----------------

This study includes 323 consecutive treatment-naïve HBeAg-negative patients chronically infected with HBV, monitored for ≥1-year in different outpatients clinics in Italy, United Kingdom and Germany. For each patient (323/323), an available HBsAg sequence was obtained after ≥1-year monitoring. Among them, 136 had persistently serum HBV-DNA\<2000 IU/ml and normal ALT, a profile compatible with HBeAg-negative infection \[[@CIT0002]\].

Patients were excluded if co-infected with hepatitis C virus (HCV), hepatitis D virus (HDV) or human immunodeficiency virus (HIV).

Ethic approval was deemed unnecessary because, under Italian law, biomedical research is subjected to previous approval by ethics committees only in the hypothesis of clinical trials on medicinal products for clinical use (art. 6 and art. 9, leg. decree 211/2003). The research was conducted on viral DNA samples (used for clinical routine), and data previously anonymized, according to the requirements by Italian Data Protection Code (leg. decree 196/2003). Thus, all the plasma samples were already stored and not specifically collected for this study.

Data on demographics (sex, age, nationality), biochemistry (ALT, AST) and HBV serology and virology (serum HBsAg, HBV-DNA, HBV genotype), liver fibrosis assessment by liver biopsy or elastography were collected and stored in an *ad-hoc* designed anonymous database. Serum HBV-DNA was quantified using the COBAS AmpliPrep-COBAS TaqMan HBV test (Roche Diagnostics), with a lower limit of detection of 20 IU/ml and HBsAg was quantified using the Elecsys®HBsAgII assay (Roche Diagnostics), with a lower limit of detection of 0.05IU/ml.

HBsAg population-based sequencing {#S002-S2002}
---------------------------------

HBsAg sequencing (1-226 aa) was performed on plasma samples, following a home-made protocol, as previously reported \[[@CIT0016]\]. Further informations about the methodology are explained in the supplementary method (SM).

Phylogenetic analysis by the Tajima-Nei model (MEGA6.1) was performed to determine HBV genotype (details in SM).

Association of HBV genotypes with HBsAg levels {#S002-S2003}
----------------------------------------------

Mann Whitney Test was applied to assess statistically significant differences in HBsAg levels in genotype D vs A and in genotype D vs E. Furthermore, a multivariate linear regression model was performed to evaluate potential association of genotype D, A, E with HBsAg levels after correction for gender, age, serum HBV-DNA, ALT and status of HBV infection.

The positive and negative predicted values of HBsAg\<1000IU/ml to predict the status of HBeAg-negative infection were calculated according to the following assumptions: Positive predictive value (PPV) was defined as the probability that individuals with a HBsAg\<1000IU/ml belong to the category of HBeAg-negative chronic infection,Negative predictive value (NPV) was defined as the probability that individuals without a HBsAg\<1000IU/ml do not belong to the category of HBeAg-negative chronic infection.

Thus, to determine the PPV, the probability was calculated considering as numerator the number of patients with HBeAg-negative chronic infection and HBsAg\<1000IU/ml (representing the true positives), and as denominator the overall number of patients with HBsAg\<1000IU/ml (representing all positive tests). To determine the NPV, the probability was calculated considering as numerator the number of patients without HBeAg-negative chronic infection and HBsAg\>1000IU/ml (representing the true negative tests), and as denominator the overall number of patients with HBsAg\>1000IU/ml (representing all negative tests).

Association of HBsAg C-terminus mutations with HBsAg levels {#S002-S2004}
-----------------------------------------------------------

HBsAg sequences were used to assess the association of HBsAg C-terminus mutations with HBsAg\<1000IU/ml. Mutations were defined according to the reference sequence of HBV-genotype D (reference sequence: X65259.1). The prevalence of HBsAg C-terminus mutations was calculated in 228 HBeAg-negative genotype D infected patients stratified according to HBsAg\<1000IU/ml (*N* = 77) and HBsAg\>1000IU/ml (*N* = 151). Statistically significant differences in the prevalence of mutations between the two groups of patients were assessed by the Fisher exact test. Benjamini-Hochberg method was used for multiple comparison corrections. Similarly, the association of HBsAg C-terminus mutations with HBsAg\<1000IU/ml was carried out also in the subset of 91 patients with HBeAg-negative chronic infection sustained by genotype D: 52 with HBsAg\<1000IU/ml and 39 with HBsAg\>1000IU/ml. The prevalence of mutations was calculated in these two groups of patients and compared to verify statistically significant differences by Fisher Exact test. This analysis was carried out in order to further corroborate results in two subgroups of patients with comparable serum HBV-DNA levels, thus limiting the impact of serum HBV-DNA on the observed associations.

Co-variation analysis among mutations and its correlation with levels of serum HBsAg and HBV-DNA {#S002-S2005}
------------------------------------------------------------------------------------------------

In the set of 228 HBeAg-negative genotype D infected patients, the patterns of pairwise interactions among aa substitutions in HBsAg C-terminus were analysed (details in SM) \[[@CIT0017]\].

Furthermore, in the overall population of 228 HBV genotype-D infected patients, the median (IQR) levels of serum HBsAg and HBV-DNA was determined for each mutation identified (single or in pair). These levels were then compared to those observed in the set of patients without evidence of any of these identified mutations (arbitrarily defined as *wt*) in order to define statistically significant differences by Mann--Whitney test.

Impact of mutations in HBsAg C-terminus on HBsAg quantification {#S002-S2006}
---------------------------------------------------------------

In order to investigate the impact of the mutations (single or in pairs) identified in this study on HBsAg secretion, a plasmid encoding the small HBsAg linked to a streptavidin-tag version II at N-terminus (Strep-Tactin coated microplate, IBA Lifescience, Germany, strep-tag) was used to transfect the HepG2 cells. Further information about the methodology are explained in SM.

HepG2 cells were grown in a 37°C humidified atmosphere containing 5% CO2, using Dulbecco's modified Eagle's medium (DMEM) (Life Technologies, Inc., Gaithersburg, MD) supplemented with 10% fetal bovine heat-inactivated serum and with 100 U/ml penicillin + 100 µg/ml streptomycin + 2 mM L-glutamine.

2 μg of *wt* and mutated plasmids were transfected into HepG2 cells using the TransIT-X2 Transfection Reagent (Mirus Bio LLC, USA), according to manufacturer's instructions. All transfection experiments were performed in 6 wells plates and, for each well, 500,000 cells in 2 ml of medium were seeded.

Furthermore, all transfections included 0.1 μg of green fluorescence protein expression vector (GFP) to assess transfection efficiency. Both cell fractions and culture supernatants were harvested at 72 hours post-transfection. For each mutant, at least 3 independent transfection experiments were performed each led in duplicate.

The amount of strep-tagged HBsAg released in culture supernatants was quantified using a specifically-designed ELISA capable to recognize the Strep-tag linked to the HBsAg (defined hereafter as Strep-tag ELISA). Differently from the commonly used HBsAg assays, the Strep-tag based ELISA is not influenced by HBsAg mutations, giving the advantage to discriminate between a reduction of HBsAg recognition (due to an impaired anti-HBs binding) and a decrease in HBsAg production and secretion.

Moreover, the amount of extracellular and intracellular strep-tagged HBsAg was measured by a commercially available ELISA (LIAISON® XL murex HBsAg Quant, DiaSorin, Italy), and used to calculate the HBsAg secretion factor defined as the ratio of extracellular HBsAg on intracellular HBsAg. A reduction of HBsAg secretion factor compared to *wt* reflects a defect on HBsAg secretion in presence of the mutation(s). Differently from the other commercially available assays, the LIAISON® XL murex HBsAg Quant assay targets multiple epitopes along the entire HBsAg proteins, thus limiting the impact of mutations, capable to affect HBsAg antigenicity, on the quantification of HBsAg. For this reason, this assay was used to further corroborate the impact of mutations on HBsAg secretion.

In detail, the plasmid encoding for Strep-tagged HBsAg was constructed as previously described \[[@CIT0016]\]. The following mutations were introduced: V190A, V190A + F220L, S204N, S204N + L205P, Y206F, Y206F + S210R, Y206F + V194A, Y206F + S204T, Y206F + M197T, S210N, S210N + F220L.

In silico prediction of HBsAg three-dimensional structure {#S002-S2007}
---------------------------------------------------------

I-TASSER (Iterative Threading ASSEmbly Refinement) was used to generate the 3D structure of HBsAg starting from its amino acid sequence following an homology modelling approach. The accuracy of structure prediction was defined according to the confidence score defined as C-score \[[@CIT0018],[@CIT0019]\]. I-Tasser is a widely used approach ranked as the top method for the prediction of the 3D structure of proteins. The robustness of this approach has been reported in different manuscripts published on leading journals \[[@CIT0019]\].

The fold-stability change (ΔΔG) between *wt* and mutants was calculated by STRUM, with ΔΔG\[*wt*-mutated\]\<0 indicating a reduced stability in presence of the mutations \[[@CIT0022]\] (Details in SM).

Results {#S003}
=======

Patients'characteristics {#S003-S2001}
------------------------

This study includes 323 HBeAg-negative patients naive to anti-HBV drugs and monitored for at least 1 year, each with an available HBsAg sequence. Most patients were male with a median age of 40 (32--53) years ([Table 1](#T0001){ref-type="table"}). Median (IQR) serum HBV-DNA and HBsAg were 3.0 (2.9--4.3) logIU/ml and 3.5 (2.9--3.9) logIU/ml, while median (IQR) ALT and AST were 31 (23--47) U/L and 24 (18--33) U/L, respectively ([Table 1](#T0001){ref-type="table"}). By phylogenetic analysis, 228 patients were infected with HBV genotype D, 65 with genotype A and 30 with genotype E ([Table 1](#T0001){ref-type="table"}). Median (IQR) serum HBV-DNA was comparable among HBV genotypes: 3.6(2.9--4.4) logIU/ml for genotype D, 3.5(2.9--4.4) logIU/ml for genotype A and 3.2(2.5--3.6) logIU/ml for genotype E. Table 1.Patients' characteristics.Patients' characteristicsOverall (*N* = 323)Genotype D (*N* = 228)Genotype A (*N* = 65)Genotype E (*N* = 30)Male, *N* (%)197 (61.0)135 (59.2)32 (49.2)30 (100)Median age, years (IQR)40 (32-53)42 (35-55)42 (31-48)27 (25-31)***Nationality:***    Eastern European, *N* (%)96 (29.7)77 (33.8)19 (29.2)2 (6.7)Northern European, *N* (%)78 (24.2)40 (20.6)29 (44.6)0 (0)Southern European, *N* (%)85 (26.3)83 (36.4)2 (3.1)0 (0)African, *N* (%)43 (13.3)3 (1.3)12 (18.5)28 (93.3)Asian, *N* (%)21 (6.5)18 (7.9)3 (4.6)0 (0)***HBV characteristics:***    HBeAg negative status, *N* (%)323 (100)228 (100)65 (100)30 (100)Median (IQR) HBV-DNA, log IU/ml3.0 (2.9-4.3)3.6 (2.9-4.5)3.5 (2.9-4.4)3.2 (2.5-3.7)Median (IQR) ALT, IU/ml31 (23-47)31 (23-46)31 (26-47)27 (21-55)Median (IQR) AST, IU/ml24 (18-33)23 (17-33)25 (18-36)25 (21-32)Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; HBsAg, hepatitis B surface antigen.

Among 323 HBeAg-negative patients, 136 had persistently serum HBV-DNA\<2000IU/ml and normal ALT during the \>1-year monitoring before the collection of blood sample for this study, a profile compatible with HBeAg-negative infection \[[@CIT0002]\]: 91 with genotype D, 29 with genotype A and 16 with genotype E. Among these 136 patients, liver fibrosis assessment was available for 32 patients: all of them were characterized by with no/limited fibrosis.

Furthermore, 105 belonged to the grey-zone category with a serum HBV-DNA ranging from 2000IU/ml to 20,000IU/ml. Among them, liver fibrosis assessment was available for 31 patients. Most of them had no/limited fibrosis (*N* = 27), the remaining 4 had moderate up to severe fibrosis.

The remaining 82 patients had a serum HBV-DNA \>20,000IU/ml. Most of them (*N* = 58) had ALT persistently \>40U/L and the remaining 24 had fluctuating ALT during the \>1-year monitoring before blood sample collection for this study, all showing a profile compatible with HBeAg-negative chronic hepatitis. Liver fibrosis assessment was available for 36 patients. Most of them (*N* = 24) had moderate/severe fibrosis. In particular, 10 patients had cirrhosis.

In our study population, 98 patients met criteria for eligibility to treatment according to EASL guidelines (82 patients with HBeAg-negative chronic hepatitis and 16 in the grey zone category) \[[@CIT0002]\].

### HBsAg levels according to HBV genotypes {#S003-S2001-S3001}

Among the 323 HBeAg-negative patients, HBsAg levels differed significantly across HBV genotype D, A and E. In particular, HBV genotype D was characterized by significantly lower HBsAg levels than HBV genotype A and E (3.3\[2.7--3.8\]IU/ml vs 3.8\[3.5--4.2\]IU/ml and 3.9\[3.7--4.2\]IU/ml, *P*\<0.001 for D versus A and *P*\<0.001 for D versus E) ([Figure 1](#F0001){ref-type="fig"}(A)). This result was confirmed when the analysis was focused on 136 patients with serum HBV-DNA \<2000IU/ml and persistently normal ALT: 2.7\[2.3--3.5\]IU/ml for genotype D vs 3.8\[3.5--4.3\]IU/ml for genotype A and 4.0\[3.7--4.1\]IU/ml for genotype E (*P* \< 0.001 for D versus A and *P* \< 0.001 for D versus E) ([Figure 1](#F0001){ref-type="fig"}(B)). Figure 1.HBsAg levels in HBV genotypes D, A and E. Scatter plots report the distribution of HBsAg levels in the overall population of HBeAg-negative patients (N=228 for genotype D, N=65 for A and N=30 for E) (A) and in patients with persistent serum HBV-DNA\<2,000IU/ml and normal ALT (N=91 for D, N=29 for A and N=16 for E) (B). Statistically significant differences were assessed by Mann-Whitney test. Bars represent median, 25^th^ and 75^th^ percentile.

The positive and negative predictive value of HBsAg\<1000IU/ml in predicting HBeAg-negative infection were 67.5% and 74.2% for genotype D, 44.4% and 55.4% for genotype A, and 50% and 46.4% for genotype E.

Multivariate linear regression model confirms that HBV genotype D was associated with HBsAg levels lower than genotype A (*P* \< 0.001) and E (*P* = 0.022) after correction for patients' demographics, serum HBV-DNA, ALT and status of HBV infection (Table S1). As expected, age and serum HBV-DNA were other independent factors negatively and positively associated with the amount of HBsAg levels (*P* \< 0.0001 and *P* = 0.0016), respectively (Table S1).

HBsAg C-terminus mutations underlying lower HBsAg levels in HBeAg-negative individuals infected with HBV genotype D {#S003-S2002}
-------------------------------------------------------------------------------------------------------------------

In order to unravel factors contributing to lower HBsAg levels in HBV genotype D, the attention was focused on HBsAg C-terminus since it plays an important role in secretion of HBV surface glycoproteins \[[@CIT0012]\]. Among 228 patients infected with genotype D, HBsAg C-terminus genetic variability resulted significantly higher in patients with HBsAg\<1000IU/ml (*N* = 77) than in patients with HBsAg\>1000IU/ml (*N* = 151) (mean\[ ± \] genetic distance:41 ± 24 substitutions/1000 nucleotides vs 22 ± 17 substitutions/1000 nucleotides, *P* \< 0.001). This suggests a potential impact of the genetic variability in this region on HBsAg secretion, thus prompting us to investigate the existence of specific mutations in HBsAg C-terminus specifying lower HBsAg levels in HBV genotype D.

By stratifying 228 HBeAg-negative genotype D infected patients according to HBsAg levels, 5 specific mutations (V190A, S204N, Y206C, Y206F and S210N) resulted significantly correlated with HBsAg\<1000IU/ml ([Figure 2](#F0002){ref-type="fig"}). Their prevalence ranged from 6.5% to 33.7% in patients with HBsAg\<1000IU/ml versus 1.3%--12.6% in patients with HBsAg\>1000IU/ml ([Figure 2](#F0002){ref-type="fig"}(A)). Overall, 58.4% of patients with HBsAg\<1000IU/ml carried at least one of these mutations. These results were confirmed also restricting the analysis on the subgroup of patients with HBeAg-negative infection (serum HBV-DNA\<2000IU/ml and persistently normal ALT) (*N* = 91, [Figure 2](#F0002){ref-type="fig"}(B)) stratified in HBsAg\<1000IU/ml (*N* = 52) and HBsAg\>1000IU/ml (*N* = 39). In particular, the mutations had a prevalence ranging from 9.6% to 42.3% in patients with HBsAg\<1000IU/ml and from 0 to 10.3% in patients with HBsAg\>1000IU/ml ([Figure 2](#F0002){ref-type="fig"}(B)). Figure 2.Mutations in HBsAg C-terminus associated with HBsAg\<1,000IU/ml. The prevalence of each mutation in HBsAg C-terminus (amino acids: 170-226) was calculated in 228 HBV genotype-D infected patients stratified according to HBsAg levels (N=77 with HBsAg \<1,000IU/ml and N=151 with HBsAg \>1,000IU/ml) (A) and in 91 patients with HBeAg-negative genotype-D infection (N=52 with HBsAg\<1,000IU/ml and N=39 with HBsAg\>1,000IU/ml) (B). Statistically significant differences were assessed by Fisher Exact Test. In (A) Benjamini-Hochberg Method was used for multiple comparison correction. Statistically significant differences were confirmed after correction for multiple comparison for all mutations with the exception of S210N.

Interestingly, among the above-mentioned HBsAg mutations, S204N was the only detected with higher prevalence in patients with HBsAg\<1000IU/ml than in those with HBsAg\>1000IU/ml in HBV genotype A (100% for HBsAg\<1000IU/ml versus 12.9% for HBsAg\>1000IU/ml, *P* = 0.003) (Table S4, Fig. S2). Similarly, considering the overall population of patients infected with HBV-genotype E, 6 patients were characterized by the presence of S204N (Table S4, Fig. S2). Interestingly, in these patients, HBsAg levels tend to be lower than in those without this mutation (7835\[6400--9776\]IU/ml versus 10568\[7097--16032\]IU/ml), even if this difference is not statistically significant.

Association among HBsAg C-terminus mutations {#S003-S2003}
--------------------------------------------

The next step of our study was to investigate the association of the mutations identified in the previous paragraph with any other HBsAg C-terminus mutation. All the mutations associated with HBsAg\<1000IU/ml (with the exception of Y206C) were found significantly correlated in pairs with other HBsAg C-terminus mutations. In particular, V190A and S210N were both specifically correlated with F220L (Phi = 0.30, *P* = 0.003 for both), while S204N showed positive correlation with L205P (Phi = 0.25) ([Table 2](#T0002){ref-type="table"}). Y206F showed multiple positive correlations with different HBsAg C-terminus mutations: V194A (phi = 0.23), M197T (phi = 0.32), S204T (phi = 0.26) and S210R (phi = 0.33) ([Table 2](#T0002){ref-type="table"}). Notably, these pairs of mutations were never found or occurred only in 1 out of 151 patients with HBsAg\>1000IU/ml (prevalence: 0.7%) ([Table 2](#T0002){ref-type="table"}). Table 2.Association between HBsAg C-terminus mutations correlated with HBsAg \<1000 IU/mL and other HBsAg C-terminus mutations.Mutations associated with HBsAg\<1000 IU/mlCorrelated mutationsPhi^a^*P*-Value^a^*N* (%) of the pairs of HBsAg mutations\<1000 IU/ml^b^\>1000 IU/ml^b^**V190AF220L**0.300.0035 (6.5)0**Y206FV194A**0.230.0094 (5.2)1 (0.7)** M197T**0.320.0024 (5.2)0** S204T**0.260.0064 (5.2)0** S210R**0.33\<0.0017 (9.1)1 (0.7)**S204NL205P**0.250.0044 (5.2)1 (0.7)**S210NF220L**0.300.0034 (5.2)0^a^Binomial correlation coefficient (Phi) was calculated to assess the strength of association for each pair of identified mutations. Statistically significant differences were assessed by Fisher Exact Test.^b^The prevalence of the pairs of mutations was calculated in the group of 77 patients with HBsAg \<1,000IU/ml and 151 patients with HBsAg \>1,000IU/ml. All the differences in the prevalence were statistically significant (*P*\<0.05) by Fisher exact test.

By multivariable analysis, the presence of ≥1 of these pairs of mutations was independently associated with HBsAg\<1000IU/ml after correction for patient's demographics, serum HBV-DNA and ALT (O.R.\[95%CI\]:14.75\[1.83--118.79\], *P* = 0.011) ([Table 3](#T0003){ref-type="table"}). Patient's age and serum HBV-DNA were other independent factors showing a positive and negative association with HBsAg\<1000IU/ml, respectively (O.R.\[95%CI\]:1.04\[1.02--1.07\], *P* = 0.002 for age and O.R.\[95%CI\]:0.46\[0.33--0.63\], *P* \< 0.001 for serum HBV-DNA) ([Table 3](#T0003){ref-type="table"}). Table 3.Factors associated with HBsAg levels \<1000 IU/ml in HBeAg-negative patients infected with HBV genotype D.VariablesUnivariate analysis^a^Multivariate analysis^a^Crude OR \[95% CI\]*p*-valueAdjusted OR \[95% CI\]*p*-valueGender (Female vs. Male^b^)1.21 (0.69-2.14)0.49  Age (for 1 year increase)1.04 (1.02-1.06)\<0.0011.04 (1.02-1.07)0.002HBV-DNA, log~10~ IU/ml0.41 (0.30-0.56)\<0.0010.46 (0.33-0.63)\<0.001ALT, U/L1.00 (0.99-1.00)0.143  ≥1 pair of mutations39.34 (5.11-303.22)\<0.00114.75 (1.83-118.79)0.011^a^Univariate and multivariate logistic regression analysis was performed on 228 HBeAg-negative patients infected with HBV genotype D. The following variables were considered: gender, age, HBV-DNA log10, ALT, \>1 pair of mutations associated with HBsAg\<1000 IU/ml. Variables with *P*-value\<0.05 in univariate analysis were included in multivariate analysis.^b^Reference group

Results confirmed also in the subset of 91 patients with HBeAg negative genotype D infection (Table S2). Overall findings support the existence of divergent pathways underlying lower HBsAg levels in HBV genotype D.

Lastly, the pairs of HBsAg mutations, associated with HBsAg\<1000 IU/ml, correspond to ≥1 mutation in RT, all residing in the spacer between the RT C and D domains, not known to have any impact on RT activity (Table S3).

Furthermore, the presence of nonsense mutations, giving origin to stop-codons (known to affect HBsAg secretion) was also investigated. Stop-codons were detected in 14/228 HBeAg-negative genotype D infected patients (6.1%) with median(IQR) HBsAg levels of 3.4(2.8--4.0)IU/ml. By covariation analysis, no statistically significant association was found between the presence of stop-codons and the pairs of mutations associated with HBsAg\<1000IU/ml (phi = 0.10, *P* = 0.126), suggesting that they lay on divergent evolutionary pathways.

Correlation of mutational patterns in HBsAg C-terminus with serum HBsAg and HBV-DNA levels in vivo {#S003-S2004}
--------------------------------------------------------------------------------------------------

In 228 HBeAg-negative genotype D infected patients, the median(IQR) HBsAg levels in presence or in absence of the above-mentioned pairs of mutations were determined in order to corroborate their association with lower HBsAg levels.

The pairs of mutations identified in previous paragraph were significantly associated with median (IQR) HBsAg levels lower (at least of 1log) than those observed for *wt* ([Figure 3](#F0003){ref-type="fig"}(A)). Furthermore, some pairs of mutations (V190A + F220L, S204N + L205P, S204N + F220L) were also associated with lower median (IQR) serum HBV-DNA ([Figure 3](#F0003){ref-type="fig"}(B)). The presence of the single or pairs of mutations remained significantly associated with lower HBsAg levels also in the subset of 91 patients with HBeAg-negative genotype D infection (data not shown). Figure 3.Serum HBsAg and HBV-DNA in presence of HBsAg C-terminus mutations associated with HBsAg\<1,000IU/ml. Box plots report the distribution of serum HBsAg (A) and HBV-DNA (B) observed in presence of mutations (single or in pair) associated with HBsAg\<1,000IU/ml in 228 HBeAg-negative genotype D infected patients. Statistically significant differences were assessed by Mann-Whitney Test. Wild-type (*wt*) indicates a virus without any mutation associated with HBsAg\<1,000IU/ml. \*indicates a *P* value ranging from 0.05 to 0.01, \*\*indicates a *P* value from 0.001 to 0.01, and \*\*\*indicates *P*\<0.001.

Impact of HBsAg C-terminus mutations on HBsAg secretion in in vitro experiments {#S003-S2005}
-------------------------------------------------------------------------------

The impact of HBsAg C-terminus mutations on HBsAg secretion was evaluated in *in vitro* experiments. For this purpose, an assay *ad hoc* designed to identify defects in HBsAg secretion was used (see methods section). The single mutation S204N and S210N determined a 31% and 23% decrease in HBsAg release compared to *wt* (*P* = 0.004 and *P* = 0.001, respectively).

All the pairs of mutations (with the exception of Y206F + V194A) significantly decreased the amount of extracellular HBsAg compared to *wt* (*P* values ranging from 0.022 to \<0.001) paralleling their association with lower HBsAg levels *in vivo* ([Figure 4](#F0004){ref-type="fig"}(A)). For the pair of mutations S204N + L205P, a 99% decrease was observed ([Figure 4](#F0004){ref-type="fig"}(A)). Notably, for the mutational pairs S204N + L205P, Y206F + S210R, Y206F + S204T and Y206F + M197T, the decrease in HBsAg release was significant also compared to the corresponding single mutation S204N (*P* \< 0.001) or Y206F (*P* = 0.007, *P* = 0.001 and \<0.0001, respectively) ([Figure 4](#F0004){ref-type="fig"}(A)). Superimposable results were obtained when extracellular HBsAg was quantified by using a commercially available assay, directly targeting HBsAg (data not shown). Figure 4.*In vitro* impact of HBsAg C-terminus mutations on HBsAg quantification. A plasmid encoding the small HBsAg linked to a streptavidin-tag version II at N-terminus was used to transfect the HepG2 cells. (A) The amount of strep-tagged HBsAg released in culture supernatants was then quantified using a specifically-designed ELISA capable to recognize the Strep-tag linked to the HBsAg. For each mutant, the amount of strep-tagged HBsAg released in supernatants of HepG2 cell cultures was expressed as percentage, considering the amount of the wild-type strep-tagged HBsAg as 100%. Results represent the mean values (+/- standard deviation) of 3 independent experiments, each led in duplicate. \* indicates *P* values ranging from 0.05 to 0.01, \*\* *P* values from 0.01 to 0.001 and \*\*\* *P* values \<0.001 compared to wild-type. For the underlined pairs of mutations HBsAg release was significant also compared to the corresponding single mutation S204N (*P*\<0.001) or Y206F (*P*=0.007, *P*=0.001 and \<0.0001, respectively). (B) For each mutant, the HBsAg secretion factor was measured as the ratio between extracellular and intracellular strep-tagged HBsAg in HepG2 cells. The amount of extracellular and intracellular strep-tagged HBsAg was measured by the LIAISON® XL murex HBsAg Quant assay (DiaSorin, Italy). HBsAg secretion factor of mutants was expressed as percentage, considering the amount of the wild-type strep-tagged HBsAg as 100%. Results represent the mean values (+/- standard deviation) of 3 independent experiments, each led in duplicate. \* indicates *P* values ranging from 0.05 to 0.01, \*\* *P* values from 0.01 to 0.001, \*\*\* *P* values from 0.001 to 0.0001 and \*\*\*\* *P* values \<0.0001 compared to wild-type.

In line with these data, all the above-mentioned mutations were also associated with a decrease in HBsAg secretion factor compared to *wt* (P from \<0.0001 to 0.05), supporting their detrimental effect on HBsAg secretion ([Figure 4](#F0004){ref-type="fig"}(B)). Again, the strongest decrease (91%) in HBsAg secretion factor was observed for the pair S204N + L205P ([Figure 4](#F0004){ref-type="fig"}(B)).

Structural analysis {#S003-S2006}
-------------------

HBsAg C-terminus is composed by two transmembrane α-helices spanning aa 188--198 and 205--226 linked by a cytosolic loop (Fig. S1). A final step of our study was to investigate the impact of the identified mutational profiles on the stability and structural conformation of HBsAg C-terminus. The pairs of mutations determined a decrease in HBsAg stability even higher than that observed for the single mutations ([Figure 5](#F0005){ref-type="fig"}). Figure 5.HBsAg structure stability in presence of C-terminus mutations associated with HBsAg \<1,000IU/ml. The histogram shows the variation of HBsAg C-terminus stability in presence of mutations (single or in pairs) associated with lower HBsAg levels. HBsAg C-terminus stability was measured by calculating ΔΔG by STRUM *(*Quan et al., Bioinformatics, 2016). ΔΔG \[wt-mutated\] \< 0 indicates a reduced stability in presence of the mutations.

The decrease in HBsAg stability can be explained by the fact that the pairs of mutations alter the structural conformation of C-terminus domain by reducing the length of the fourth transmembrane HBsAg domain ([Table 4](#T0004){ref-type="table"}). Table 4.Structural modifications in the length of the 4th α-helix induced by HBsAg C-terminus mutations associated with HBsAg\<1000 IU/ml.Mutations in HBsAg C-terminusLength of the 4th alpha helix^a^ResiduesN° of residues**Wild TypeL205-Y22521V190A**L209-Y22517**V190A + F220L**L205-V22420**S204N**L209-Y22517**S204N + F220L**L209-Y22517**S204N + L205P**L209-Y22517**Y206F**F212-Y22514**Y206F + S204T**L209-Y22517**Y206F + S207I**L209-Y22517**Y206F + S210R**L205-V22416**Y206F + V194A**F206-V22419**Y206F + M197T**L206-Y22520**S210N**G202-V22423**S210N + F220L**S204-Y22522^a^The 3D-structures of *wt* and mutated HBsAg were predicted by a homology modeling approach using a reference validated HBsAg structure and elaborated by I-TASSER server.

Discussion {#S004}
==========

This study shows that HBV genotype D is associated with HBsAg levels lower than genotype A and E in HBeAg-negative patients. This result was confirmed by multivariable analysis and in the subgroup of patients with persistently serum HBV-DNA\<2000IU/ml and normal ALT. Our results are in line with recent *in vitro* studies showing that HBV genotype D, despite showing a higher efficiency in replication, was characterized by a lower HBsAg release than the other HBV genotypes, particularly HBV genotype A \[[@CIT0006],[@CIT0023]\]. Furthermore, in agreement with a recent study \[[@CIT0024]\], we found that HBV genotypes have an impact on HBsAg amount without affecting serum HBV-DNA. This finding that can be explained by the fact that serum HBV-DNA corresponds to the relaxed circular DNA, that is produced by the reverse transcriptase using the pre-genomic RNA as template, and then incorporated into virions. Conversely, HBV surface glycoproteins are produced from sub-genomic mRNAs and integrated DNA \[[@CIT0025]\] and are incorporated into virions and, in large amount, in subviral particles. Different HBsAg levels among HBV genotypes despite comparable serum HBV-DNA can be explained by factors that alter the release of subviral particles without affecting the release of virions.

Overall findings reinforce the need to identify genotype-specific HBsAg thresholds for a better staging of patients with chronic HBeAg-negative infection. This is critical considering that HBsAg quantification can be a valuable tool for the differential diagnosis between HBeAg-negative infection and HBeAg-negative hepatitis, can help in individualizing the frequency of follow-up and in identifying patients more prone to achieve HBsAg loss in the setting of HBeAg-negative infection \[[@CIT0026]\].

In order to unravel additional factors underlying lower HBsAg levels in genotype D, the attention was focused on the extent of genetic variability in HBsAg C-terminus, known to be important for secretion of HBV surface glycoproteins \[[@CIT0012]\].

In particular, in the setting of HBeAg-negative genotype D infection, we identified specific mutations (single or in pairs) significantly correlated with lower HBsAg levels. Some pairs of the identified mutations reduce HBsAg secretion efficiency and HBsAg stability by shortening the the 4th transmembrane C-terminus domain. Notably, for the pair of mutation S204N + L205P a 90% decrease in HBsAg secretion efficiency was observed. It is noteworthy to mention that this pair of mutations has been detected exclusively in patients infected with genotype D, and never in genotype A and E, suggesting a potential interference of the genetic backbone on the development of this mutational pattern.

It is conceivable that the mutational patterns identified in this study can alter the correct HBsAg folding in the ER membrane, thus affecting the trafficking of HBsAg across the ER, and in turn its extracellular secretion. Interestingly, it is known that the accumulation of misfolded proteins in the ER can lead to the activation of a finely regulated cellular program defined as "unfolded protein response". This program induces the degradation of ER via autophagy in order to prevent the activation of cell death pathways \[[@CIT0027]\]. Notably, a previous study showed that HBsAg by itself can trigger autophagy, and the activation of the autophagic process can contribute to viral replication \[[@CIT0028],[@CIT0029]\]. In this light, by activating autophagy, the identified mutations might favour the persistence of intrahepatic viral reservoir explaining their selection in viral quasispecies.

Furthermore, it has been demonstrated that defects in HBsAg secretion have been associated with an accumulation of cccDNA in the nuclei, suggesting a role of the identified mutations in modulating cccDNA synthesis and amplification \[[@CIT0030]\].

In our study, results obtained *in vitro* experiments usually parallel those observed in patients and by structural analysis. A discrepancy is observed for S210N and S210N + F220L. Indeed, in *in vitro* experiments, both S210N and S210N + F220L determined a significant decrease in HBsAg amount compared to wild-type. Nevertheless, the decrease observed for S210N + F220L was not significantly stronger than that observed for S210N, paralleling results observed in patients. Conversely, structural analysis showed a decreased stability only for the double mutant. It is conceivable to hypothesize that, beyond structural stability and folding in the membrane of endoplasmic reticulum, cellular factors (that cannot be considered in the structural analysis) can be implicated in mechanisms underlying HBsAg release.

Thus, in presence of these mutational patterns, the detection of a low HBsAg titer can be ascribable to an impaired HBsAg secretion and not to a limited intrahepatic HBV reservoir, thus potentially leading to a misinterpretation of HBsAg levels in the clinical settings in which HBsAg quantification is applied. Overall findings support the use of genotypic testing for an optimized interpretation of HBsAg measurements particularly in the setting of HBeAg-negative HBV infection sustained by genotype D. Furthermore, these results reinforce the use of genotypic testing to provide information on mutational profiles that can affect HBV-induced pathogenesis and in turn disease progression.

In this study, we have sequenced HBV genome extracted from viral particles circulating in the blood stream of infected patients. This supports that the HBsAg mutational profiles, analysed in this study, are present in the relaxed circular HBV-DNA incorporated into virions deriving from cccDNA (after the retro-transcription of pre-genomic RNA). Nevertheless, there is increasing evidence that in the setting of HBeAg-negativity, HBsAg can also derive from integrated HBV-DNA \[[@CIT0011],[@CIT0025],[@CIT0031]\]. Further studies are necessary to unravel the existence of a potential genetic compartmentalization between cccDNA and integrated HBV-DNA and its impact on HBV pathogenicity and immunogenicity.

Finally, this study has some potential limitations. In particular, this study has analysed HBV genotypes D and A (the most common in Europe) and also HBV genotype E imported from West Africa. Further studies are necessary to investigate the levels of HBsAg in the other HBV genotypes. Furthermore, HBsAg sequences were obtained by a population-based sequencing approach that does not allow to provide the burden of a given mutation in the viral quasispecies. Lastly phi coefficients, reflecting the strength of association between two mutations, although being all statistical significant, never exceeded 0.30, suggesting the need of further studies with larger sample size to unravel the evolutionary pathways leading to mutations coevolution.

In conclusion, HBsAg levels in HBV genotype D are significantly lower than in genotype A and E in the setting of HBeAg-negative chronic infection. In genotype D infected patients, specific clusters of mutations in HBsAg C-terminus correlate with lower HBsAg levels *in vivo*, hamper HBsAg release *in vitro* and affect its structural stability, supporting their detrimental role on HBsAg secretion. In this setting, genotypic testing can help in optimizing the clinical interpretation of HBsAg levels in HBV genotype D and in providing information on viral pathogenicity and disease progression.
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